ABSTRACT Crude extracts of the oocysts of Eimeria tenella, a protozoan parasite of the coccidium family that develops inside the caecal epithelial cells of infected chickens, do not incorporate glycine or formate into purine nucleotides; this suggests lack of capability for de novo purine synthesis by the parasite. The extracts, however, contain high levels of activity of the purine salvage enzymes: hypoxanthine, guanine, xanthine, and adenine phosphoribosyltransferases and adenosine kinase. The absence of AMP deaminase from the parasite indicates that E. tenella cannot convert AMP to GMP; the latter thus has to be supplied by the hypoxanthine, xanthine, or guanine phosphoribosyltransferase of the parasite. These three activities are associated with one enzyme (HXGPRTase), which has been purified to near homogeneity in high yield (71-80%) in a single step by GMP-agarose affinity column chromatography. The size ofthe enzyme subunit is estimated to be 23,000 daltons by NaDodSO4 gel electrophoresis. Kinetic studies suggest differences in purine substrate specificity between E. teneUa HXGPRTase and chicken liver HGPRTase. Allopurinol preferentially inhibits the parasite enzyme by competing with hypoxanthine; a 1K 22 ,AM. All parasitic protozoa examined to date appear to be unable to synthesize the purine ring de novo, as reflected by the failure ofradiolabeled glycine and formate to label nucleic acid purines of the parasites in minimal defined media. Of particular note are studies on Trypanosoma cruzi (1), Leishmania braziliensis (2), Plasmodium lophurae (3), and Trypanosoma megna (4), which provide well-documented cases for lack of capability for de novo purine synthesis and, hence, dependence on purine salvage. Host hypoxanthine, adenine, and adenosine have been suggested as the three major sources of purines for these parasites (5), but recent evidence favors the hypothesis that hypoxanthine may be the main, if not the only, supply of purines to Plasmodia (6, 7), Leishmania (2, 8) , and Crithidiafasciculata (8). Adenosine and adenine are probably converted to hypoxanthine by the purine nucleoside hydrolase (9) and adenine aminohydrolase (2) ofthe parasites before incorporation into the nucleotide pool.
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Among members of the coccidia family, a group of parasitic protozoa developing inside intestinal epithelial or muscle cells ofinfected animals, Toxoplasma gondii trophozoites were found incapable of incorporating glycine or formate into their DNA (10) . They grow normally inside cultured Lesch-Nyhan skin fibroblasts, which lack hypoxanthine-guanine phosphoribosyltransferase (HGPRTase), and effectively incorporate exogenous hypoxanthine and guanine into nucleic acids (11) . T. gondii has no detectable adenine phosphoribosyltransferase (APRTase) but has a high level ofadenosine kinase (12) . The latter activity is largely lost in a mutant resistant to 1-,B3D-arabinofuranosyladenine (AraA). But wild-type and mutant T. gondii grown in cell culture are equally efficiently labeled by [3H]adenosine (12) , suggesting that adenosine kinase does not play a major role in salvaging purines for the parasite. One other species of coccidia Eimenria tenella, which develops inside the caecal epithelial cells ofchickens, effectively takes up hypoxanthine and preferentially incorporates label from it into nucleic acids when grown in cell culture (13, 14) . Purine metabolism in this parasite is particularly interesting in view of the uricotelic metabolism of chickens and the high levels of hypoxanthine known to accumulate in avian tissues (15) .
In this study, we have demonstrated that E. tenella cannot perform de novo purine synthesis and examined the detailed mechanism of purine salvage. A purine phosphoribosyltransferase that uses hypoxanthine and guanine as well as xanthine as substrates (HXGPRTase) was identified in the parasite. The enzyme was purified and characterized.
Allopurinol, an analog of hypoxanthine innocuous for mammalian cells, is effective in vitro against Leishmania (16), T. cruzi (17) , and African trypanosomes (18) through sequential conversion to allopurinol ribonucleotide and aminopurinol ribonucleoside mono-, di-, and triphosphates and eventual incorporation into the RNA of these parasites. It serves as a substrate for the HGPRTase of Leishnmnia donovani promastigotes, having K. 68 times that of hypoxanthine (19) . In this study, allopurinol was tested on E. tenella HXGPRTase and chicken liver HGPRTase and found to be a preferential inhibitor of the parasite enzyme.
MATERIALS AND METHODS Materials. Unsporulated oocysts of E. tenella strain 18 were propagated in chickens and harvested and purified as described (20) . Radiolabeled substrates were from New England Nuclear or Research Products International. GMP-agarose [4%-beaded agarose-NH-(CH2)6-NH-8-C-guanosine-5'-phosphate] was from P-L Biochemicals. 5-Phosphoribosyl-l-pyrophosphate (PRPP) was from Boehringer Mannheim, and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) and allopurinol were from Sigma. 5,10-Methenyltetrahydrofolate was prepared from tetrahydrofolate (Calbiochem) by a known procedure (21) .
Enzyme Assays. Purine phosphoribosyl transferase activities were assayed by a modified procedure of Schmidt et al. (22 High-Pressure Liquid Chromatography. Purine bases, nucleosides, and nucleotides were separated and identified by paired-ion reverse-phase chromatography as described by Rowe et al. (27) . A Partisil 10-ODS-2 (Reeve Angel) column (25 cm X 4.6 mm) equilibrated with 5.0 mM tetrabutylammonium hydroxide, adjusted to pH 6.0 with phosphoric acid/10% (vol/ vol) methanol was washed with the same buffer for 10 min at a flow rate of1.0 ml/min following sample injection. Then, concentration of methanol was increased linearly to 50% (vol/vol) over 15 min at the same flow rate and maintained at.50% for another 15 min. The eluate was collected in 0.5-ml fractions, and the radioactivity was determined as described above.
Affinity Column Chromatography. A supernatant fraction of the crude extract of E. tenella unsporulated oocysts was adjusted to 0.10 M Tris HCI, pH 7.0/0.10 M MgClJO.50 M KC1 (TMK), and a 15.6-ml aliquot containing 86.3 mg ofprotein was loaded onto a 3 ml GMP-agarose column previously equilibrated with TMK buffer at 0-4°C. The loaded column was eluted with 250 ml of TMK buffer at a flow rate of30 ml/hr and then with 40 ml ofTMK buffer/10 mM PRPP at 10 mVhr. The effluent was collected in 5-ml fractions and assayed for enzyme activities and protein content at 280 nm.
NaDodSOJPolyacrylamide Gel Electrophoresis. The procedure is that of Laemmli using 1 cm of 30% stacking gel atop 9 to 10 cm of 12.5% running gel (28 To verify that the assays reflected de novo purine synthesis, 2.0-ml aliquots of the reaction mixtures were mixed with 0.1 ml of 4.2 M perchloric acid after the incubation. The samples were then chilled in an ice bath for 30 min, neutralized with 0.1 ml of 4.42 M KOH, centrifuged briefly, and concentrated to 0.1 vol by lyophilization. Aliquots (10 1.l) ofeach extract were analyzed by high-pressure liquid chromatography. The results show that both [14C]glycine and ['4C]formate remain largely unchanged after incubation with E. tenella extracts but chicken liver extracts convert some ofthe label in ['4C]glycine to a major fraction that has a retention time corresponding to the intermediate ribonucleotides in de novo purine synthesis (27) and a smaller fraction corresponding to IMP (Fig. 1). [I4C]Formate was partly incorporated into IMP, with much less into the intermediate ribonucleotide formyl AICAR, the immediate precursor to IMP.
Thus, this incubation system serves as a specific assay for de novo purine synthesis. The lack of incorporation of glycine or formate into purine nucleotides in extracts ofE. tenella unsporulated oocysts indicates that these extracts are incapable of de novo purine synthesis.
Purine Salvage Enzymes in Extracts of E. tenella Oocysts. The extracts of E. tenella oocysts and chicken livers were also assayed for HPRTase activity. The results (Table 1) show a HPRTase specific activity in E. tenella 9 to 10 times that in chicken liver. When the assay mixtures were extracted with perchloric acid, and the contents were analyzed by HPLC, most of the label in ['4C]hypoxanthine was incorporated by the E. tenella crude extract into a fraction corresponding to IMP (Fig.  2A) . Similar results were obtained from the chicken liver extract except that less label was found in the IMP fraction (Fig. 2B) .
The observation of the lack of de novo purine synthesis and the high HPRTase activity in E. tenella was followed up by comparison of the profile of purine salvage enzymes in E. tenella oocysts with that in chicken liver. The results showed significant (Fig. 3) . Supporting evidence was obtained from a study of the optimal pH values for different enzyme activities; APRTase has a rather broad pH optimum and retains full activity at pH 9.0, whereas the other three activities share a bell-shaped curve in which the optimal pH is at 7.0-7.5, total inactivation is at pH 5.4, and 50% inactivation occurs at pH 9.0.
The enzyme, designated hypoxanthine-xanthine-guanine phosphoribosyltransferase (HXGPRTase), was purified by GMP- agarose affinity column chromatography. The elution profile indicates that most of the proteins pass through the column in TMK buffer (Fig. 4) . Most of the HPRTase, XPRTase, and GPRTase activities were recovered in a sharp peak after addition of PRPP.to the elution buffer. The total HXGPRTase activity (fractions 50-58) represents 71-0% yield. These fractions were pooled, concentrated to 1.0 ml by using a Millipore immersible CX unit, and dialyzed against 1 liter of 2.0 mM sodium phosphate buffer, pH 7.2, at 0-40C with three changes of buffer in 16 hr. The dialyzed sample was lyophilized and dissolved in 40 /.l ofwater. The protein content of this sample was determined by the fluorescamine spectrofluorometry method (29) and found to be 100 pug, which leads to an estimated purification of HXGPRTase of 610 to 688-fold.
The same concentrated sample was examined by NaDodSO4 polyacrylamide gel electrophoresis, and only a single protein band was found in the sample (Fig. 5) . No resents the subunit ofE. tenella HXGPRTase, the enzyme must have been purified to near homogeneity in one step by GMPagarose affinity column chromatography. Inclusion of protein standards in the NaDodSOJpolyacrylamide gel electrophoresis ( PRPP/1 mM dithiothreitol at -1960C for weeks without appreciable loss of activity.
The chicken liver enzyme was partially purified by using a procedure for human erythrocyte HGPRTase (31) . HPRTase and GPRTase activities copurified to a similar extent, suggesting that the chicken liver has a single enzyme HGPRTase.
Kinetic Studies of E. teneUa HXGPRTase. For a saturating concentration of Mg2ePRPP, initial rates were calculated from measurements made on reactions terminated 1, 2, and 4 min after initiation (Table 3) . Data obtained within this time frame gave linear rates with a SEM of ± 15%. Lineweaver-Burke plots of the data were then constructed by weighted least-squares analysis to produce various kinetic constants; for hypoxanthine, the value of Ka is lower and that of Vmi is higher for the E. tene11a enzyme than for chicken liver HGPRTase. Allopurinol was tested on the two enzyme preparations and shown to be arelatively potent inhibitor ofE. tenella HXGPRTase. Because ofthe structural similarity between allopurinol and the purine substrate, it was apparent that allopurinol is a competitive inhibitor and that initial velocity data at saturating concentrations of Mg2ePRPP are adequately described by Eq. 1:
where v is the initial velocity, A is the concentration ofsubstrate, and I is the concentration of inhibitor. Initial velocity data obtained at various substrate and inhibitor concentrations were fit to this equation (32) by using a Gauss-Newton method of nonlinear regression in a commerically available statistical analysis package. The data give allopurinol a K. of2.2 + 0.9 x 10-5 M versus hypoxanthine, which is =85 times higher than the K, of hypoxanthine. Similar kinetic studies using xanthine or guanine as the substrate have been also carried out. The results (Table 3) suggest competition between allopurinol and the two other purines with similar K1 values, which could be also taken as an indication that there is but a single enzyme HXGPRTase in E. tenella. Allopurinol, however, has only a weak inhibitory effect on chicken liver HGPRTase. The compound has an apparent K1 of 9.3 ± 2.7 x 10-' M (Table 3) , which is more than 40 times that for the E. tenela enzyme. Conversely, 6-mercaptopunne and 6-thioguanine were more potent inhibitors of chicken liver HGPRTase than ofthe E. tenella enzyme, the 50% DISCUSSION This study has shown lack of change of labeled glycine and formate after prolonged incubation with extracts of E. tenella oocysts under conditions allowing expression of the activities of de novo purine synthesis in chicken liver extracts. Because glycine should be incorporated into purine nucleotides at the early stage of glycinamide ribonucleotide formation, whereas formate ought to be incorporated mostly into AICAR to make formyl AICAR toward the end of de novo purine synthesis, the lack of incorporation of both glycine and formate into purine nucleotides suggests absence of the entire de novo pathway in the extract ofE. tenella oocysts. This finding provides a strong, although not conclusive, indication that E. tenella is incapable of de novo purine synthesis.
The presence of many purine salvage enzymes in E. tenella extracts at levels several times those in chicken liver extracts tends to support the argument that, because the parasite cannot make purines by itself, it has to have the ability to take up exogenous purines. HXGPRTase appears to be a crucial purinesalvaging enzyme for E. tenela, not only because of the abundant presence ofhypoxanthine in its natural environment (15) , but also because salvage ofhypoxanthine can provide both AMP and GMP for the coccidia (11) . The only other two purine-salvaging enzymes known to exist in E. tenella, APRTase and adenosine kinase, can provide only AMP for the parasite. Due to the absence of AMP deaminase, there is no apparent way of converting AMP to GMP in E. tenella. The salvage ofadenine and adenosine alone thus may not fulfill the growth requirement by E. tenella; it may not even be essential.
No HXGPRTase has ever been identified as a single enzyme in any other living organism. Crithidiafasciculata, also sensitive to allopurinol in vitro, has HPRTase, GPRTase, and APRTase in three separate enzymes (33) . L. donovani promastigotes contain three individual enzymes-HGPRTase, XPRTase, and APRTase (19) . E. tenella HXGPRTase and L. donovani HGPRTase share some common property in having relatively high pl values (-7.0) (unpublished observation). The purification ofE. tenella HXGPRTase to near homogeneity also shows that (i) the enzyme constitutes 0. 14% ofthe total soluble protein in the cytosol ofE. tenella unsporulated oocysts; (ii) the enzyme subunit is smaller than that of human erythrocyte HGPRTase, which has a molecular weight of 26,000 (31); (iii) the purified enzyme has an HPRTase specific activity that is one-fourth that of purified human enzyme (31) ; and (iv) the enzyme has strong specific binding to GMP that cannot be dissociated by 0.1 M MgCl2/0.5 M KC1 at neutral pH.
The preferential inhibition of E. tenela HXGPRTase by allopurinol is interesting because the drug is known to inhibit the growth of E. tenela in cultured embryonic chicken kidney epithelial cells at 100 ppm (34) . This in vitro anticoccidial activity of allopurinol may be due to its competitive inhibition of HXGPRTase, or by incorporation into the RNA of E. tenella. For the latter, one would have to assume that E. tenella adenylosuccinate synthetase and lyase can also recognize allopurinol ribonucleotide and succinoallopurinol ribonucleotide as their substrates, as is the case in L. donovani (35) .
